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Report f o r  t h e  period December 1, 1965 t o  May 31, 19df6 6 : 85 6 0 B, 
The m a i n  p ro j ec t s  on which progress has been made during t h e  last s i x  

months are l i s t ed  below. This work has been ca r r i ed  out w i t h  t he  a s s i s t ance  
of two research students working a t  t h e  Ph.D, level, and one a t  t h e  M.Sc. 
l eve l ,  

During t h i s  period a modernised C2 ionosonde, on loan from t h e  
Environmental Science Services Administration, Boulder, was brought i n t o  oper- 
ation. An e f f i c i e n t  aerial system, with a base l ine  of 500 f t  and a height of 
100 f t ,  was  constructed and records of high q u a l i t y  a r e  being obtained. These 
provide an on-the-spot measurement of t h e  t r a d i t i o n a l  ionospheric parameters, 
u ld  w i l l  considerably increase  the value of a l l  t h e  sa te l l i t e  measurements 
being ca r r i ed  out a t  Auckland. 
obtained under last  yea r ' s  g ran t  has a l so  been i n s t a l l e d ,  so that  measurements 
and r e s u l t s  can be handled w i t h  much g r e a t e r  speed and accuracy. 

The d i g i t a l  recording and p l o t t i n g  equipment 

1. MEASUREMENTS ON THE GEOSTATIONARY SATELLITE SYTJCOM 3. 

1.1 Routine recording. 

The po la r i sa t ion  angle of t h e  137 Mc/s s igna l  from Syncom 3 has been 
recorded continuously at Auckland ( la t  37OS) and at Inve rca rg i l l  (47OS) 
throughout t h e  las t  s i x  months. There have been no equipment f a i l u r e s ,  and 
it i s  hoped t o  continue t h i s  s e r i e s  of records f o r  many years. The records 
obtained give a continuous measure of t h e  t o t a l  e lec t ron  content of the ion- 
osphere with a long-term accuracy of b e t t e r  than 1%. 
0.1% i n  t o t a l  content,  occurring i n  periods of 10 seconds o r  more, can be 
followed. 
d iu rna l  va r i a t ion  i n  t o t a l  content. This  work is  kept up t o  date, and f ig -  
ures  showing t h e  d iurna l  curves superposed f o r  each half-monthly period are 
prepared and forwarded t o  seve ra l  o ther  research organisations i n  New Zealand 
as a service.  

Fluctuations of only 

The records obtained each day are t r aced  and scaled t o  show t h e  

1.2 Diurnal and seasonal changes i n  t h e  t o t a l  e lec t ron  content of t h e  
ionosphere. 

From t h e  superposed p l o t s  showing t h e  d iurna l  va r i a t ions  i n  t h e  t o t a l  
e lec t ron  content ( N T ) >  monthly median curves a r e  obtained. Most of t h e  work 
ca r r i ed  out so far has been based on these  curves, s ince  a knowledge of t h e  
average behaviour of t h e  ionosphere i s  required before ind iv idua l  events are 
studied. 

The d iu rna l  curves obtained over a period of 1 2  months at Auckland 
fa l l  i n t o  two d i s t i n c t  groups, representing s m e r  and winter conditions. The 
t r a n s i t i o n  between these groups takes  less than  one month, suggesting t h a t  t h e  
symmetrical 'equinox' forn of the  upper atmosphere is not very stable. 
noon median values of Nt were SO$ grea te r  i n  s m e r  than i n  winter.  T h i s  
agrees exac t ly  with t h e  change i n  t h e  cosine of t h e  sun ' s  zen i th  angle, so  
there is no t r a c e  of the  large seasonal anomally observed i n  t h e  northern 

are less than half as l a r g e  as corresponding results from the northern h d -  
sphere. 

The 

- hercismere. The diurnal changes i n  NT (2.5:l  i n  winter and 3:l  i n  s u m e r )  
" I  

ontinuclus nature of the records makes then very sui 
studying%he rap id  changes which occur near sunrise.  
in tegra ted  production rate f o r  an overhead sun of  1.3 X 1014 

These 

a t  the equinoxes, agreeing c lose ly  w i t h  sone equinox results f ron  Stanford. 
A t  o ther  seasons, however, t h e  ca lcu la ted  values are less than h a l f  as la rge .  
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Sone of t h i s  va r i a t ion  can be removed by cor rec t ing  f o r  t h e  s t ead  
after midni h t ,  giving an ove ra l l  mean r e s u l t  of (0.9 5 0.2) x 10 

quencies of t h e  ioncsphere if t h e  recombination coe f f i c i en t  i n  t h e  F1 region 
i s  a = 10-8 cn3/sec. 

loss  r a t e  
3 4  

electrons/m 9 /sec. This value i s  cons is ten t  with t h e  observed c r i t i c a l  f re -  

S i n i l a r  ca lcu la t ions  at sunset give an e f f ec t ive  loss coe f f i c i en t  B.’ 
of 1.2 x sec-l i n  winter,  and 0.5 x sec-’ i n  summer. These f igu res  
agree with neasurements of t h e  r a t e  of decay at t h e  peak of t h e  ionosphere, and 
so confirm t h e  t h e o r e t i c a l  p red ic t ion  t h a t  t h e  e lec t ron  dens i ty  w i l l  decay w i t h  
t h e  same e f fec t ive  l o s s  coe f f i c i en t  a t  a11 heights.  

I 
I 1 . 3  Diurnal and seasonal changes i n  t h e  s l a b  thickness of t h e  imosphere .  
I 

Dividing t h e  median values of t o t a l  content (aT) by t h e  e lec t ron  den- 
s i t y  a t  t h e  peak of t he  ionosphere (%) gives t h e  e f f e c t i v e  slab thickness of 
t h e  ionosphere (S) , 
using r e s u l t s  from o rb i t i ng  s a t e l l i t e s .  However t h e  present work, which gives 
an accurate d iu rna l  curve f o r  each month, shows t h a t  nany of  t h e  conclusions 
obtained by averaging i s o l a t e d  neasurenents a r e  incor rec t .  
s l a b  thickness which occurs before sunr i se  i n  a l l  published r e s u l t s  i s  a 
seasonal e f f e c t ,  and disappears conpletely i n  sumner. This peak i s  not caused 
by t h e  e f f e c t s  of sunr i se  (and hence t h e  production of e l ec t rons )  occurring 
e a r l i e r  at g rea t e r  he ights ,  s ince  t h e  increase i n  NT begins a f t e r  t h e  increase  
i n  Nm. 

This quant i ty  has been ca lcu la ted  by seve ra l  workers 

The l a r g e  peak i n  

The values of s l a b  thickness are about 240 km near  noon a t  Auckland, 
a t  a l l  seasons, corresponding t o  a f ixed  ionospheric temperature of l,OOOOA. 
This con t r a s t s  with t h e  seasonal va r i a t ion  of about 40% found i n  t h e  northern 
hemisphere. 
than at Auckland (37@S), ind ica t ing  a temperature increase t o  t h e  poles.  The 
d iu rna l  ve r i a t ion  i n  summer cons i s t s  of a gradual,  steady increase f o r  nos t  
of t h e  day, with a rap id  drop of about 25% at  slmset. 
starts t o  increase i n  the  afternoon end rezchss a value of 350 t o  400 km by 
9 p.m. 
followed by a r ap id  decrease ( t o  240 km) at  sunr i se .  

A t  I nve rca rg i l l  ( l a t  4 7 O S ) ,  t h e  slab thickness is  15% g r e a t e r  

I n  winter,  however, S 

The value remains high overnight with A. sharp peak (about 500 km) 

The large night-time values of S occur only during t h e  winter.  They 
suggest a considerable increase i n  t h e  temperature of t h e  ionosphere, o r  an 
i n f lux  of e l ec t rons  from above. 
i s  s t rongly  supported by the  f a c t  t h a t  NT cormonly increases throughout t h e  
n ight  i n  winter.  
t h e  magnetic f i e l d  at heights between 200 an6 1,000 km, so  t h a t  t h e  records 
obtained give qu i t e  c lose ly  t h e  t o t a l  e l ec t ron  content of a s i n g l e  tube of 
force .  
northern and southern ionospheres. 
l ibrium i n  t h i s  tube requi res  a considerable flow of e lec t rons  from t h e  s m e r  
t o  t he  winter hemisphere, beginning near noon and continuing u n t i l  after m i d -  
night.  Calculations suggest a time constant of a f e w  hours f o r  t h i s  process, 
which seems f u l l y  capable of explaining the  anomalies observed during t h e  
winter night.  

The second explanation seems nos t  l i k e l y .  It 

The ray-path from Syncom 3 t o  Auckland i s  almost p a r a l l e l  t o  

This tube crosses t h e  equator a t  a height of 3,500 km, connecting t h e  
The attempt t o  e s t a b l i s h  d i f fus ive  equi- 

I 
1 . 4  I r r e g u l a r i t i e s .  

The movement of i r r e g u l a r i t i e s  i n  t h e  ionosphere causes f luc tua t ions  
of ug t o  10% i n  t h e  recorded values of NT. 
evident, w i t h  up t o  8 regular  cycles spread over a period of s eve ra l  hours. 
The period, amplitude and number of cycles of a l l  such events have been 
measured at Auckland and at Inve rca rg i l l ,  
a t i o n  i n  t h e  occurrence of these  wave motiana, which are twice as common in 
winter and summer as at t h e  equin-s. ‘?,€!&$4we also twice as common a t  
Inve rca rg i l l  as E t  Auckland, suggesting t h a t  t h e  wave motion is generated 
near t h e  au ro ra l  zone, 
u t e s ,  f a l l i n g  i n t o  the  g rav i ty  wave range. 
and l a t i t u d i n a l  va r i a t ions  i n  t h e  period and amplitude of these  t r a v e l l i n g  
disturbances i s  continuing. 

A per iodic  s t r u c t u r e  i s  of ten  

There is a marked semiannual vari- 

The period i s  generally between about 20 and 40 min- 
A study of t he  d iu rna l ,  seasonal 
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1 . 5  Construction of equipment. 

A semi-portable version of t h e  137 Mc/s po la r i sa t ion  angle recorder,  
incorporating a continuously r o t a t i n g  aerial, has been designed. The mechan- 
i c a l  construction of t h r e e  instruments i s  almost complete, and t h e  assoc ia ted  
e l ec t ron ic  equipment has been b u i l t .  
d i f f e r e n t  sites ins ide  (and possibly outs ide)  New Zealand t o  study t h e  changes 
i n  t o t a l  e lec t ron  content a t  d i f f e r e n t  l a t i t u d e s ,  and t h e  speed and d i r ec t ion  
of t r a v e l  of t h e  regular  wave motions mentioned above. 

These recorders w i l l  be i n s t a l l e d  a t  

2. MEASUREMENTS ON THE IONOSPHERE BEACON SATELLITES. 

2.1 Routine s tud ie s .  

Recording of s igna l s  from t h e  Polar Ionosphere Beacon S a t e l l i t e  
Auckland (37OS, 175OE) ,  S-66 has continued at Rarotonga (2l0S, 20OoE) 

Inve rca rg i l l  (47'S, 168OE) and Scot t  Base (78 S, 1 6 ~ ~ ~ ) .  Similar records 
from Wellington (4l0S, 175OE) and Campbell I s land  (52OS, 169OE) are provided 
by t h e  Department of S c i e n t i f i c  and I n d u s t r i a l  Research. Four o r  five t ran-  
s i ts  a r e  recorded each day and t h e  r e s u l t s  axe used t o  study t h e  t o t a l  con- 
t e n t  and i r r e g u l a r i t i e s  a t  d i f f e r e n t  l a t i t u d e s .  To speed up t h e  ana lys i s ,  
a t t e n t i o n  i s  being concentrated on t h e  th ree  summer months and t h e  t h r e e  
winter months i n  each year of recording ( s ince  October 1964). 
t h e  20 Mc/s Faraday fading i s  p lo t t ed  throughout each t r a n s i t  t o  show t h e  
occurrence, s i z e  and density of l a r g e  i r r e g u l a r i t i e s  i n  t h e  ionosphere, and 
t h e  t o t a l  e lec t ron  content i s  determined n e a r  t h e  beginning, cen t re  and end of 
each t r a n s i t .  Measurements f o r  most of 1965 have been completed, and t h e  
r e s u l t s  a r e  being put on t o  punched cards f o r  ana lys i s  and co r re l a t ion  on t h e  
University 's  computer. 

6 

The period of 

2.2 Special  s tud ie s  i n  Auckland. 

I n  addition t o  records of t h e  amplitude of t h e  20, 40 and 4 1  Mc/s s ig-  
n a l s ,  the following q u a n t i t i e s  a re  recorded E t  Auckland: 

( a )  t h e  po la r i sa t ion  angle of t h e  40 Mc/s s igna l ,  obtained using an aerial 

( b )  t h e  po la r i sa t ion  angle of t h e  40 Mc/s s igna l ,  obtained from t h e  r e l a t i v e  

( c )  t h e  r e l a t i v e  phase of t h e  40 Mc/s s i g n a l  (divided by 32) and t h e  20 Mc/s 

All quan t i t i e s  are recorded during 4 north-south t r a n s i t s  of t h e  s a t e l l i t e  
S-66, ant! 5 east-west t r a n s i t s  of t h e  satel l i te  Be-C, each day. 
t i o n a l  records give a continuous display of t h e  small changes i n  phase and 
po la r i sa t ion  caused by ionospheric i r r e g u l a r i t i e s .  The s ize  and dens i ty  of 
i r r e g u l a r i t i e s  w i t h  dimensions down to 1 o r  2 kn can be determined, and the 
height can be estimated from t h e  relative exten t  of t h e  changes i n  phase and 
amplitude, 
t h e  ionosphere on s a t e l l i t e  s igna l s ,  as out l ined  i n  sec t ion  5.  

r o t a t i n g  at 300 rpm. 

p h s e  of t h e  ordinary and extraordinary components. 

s igna l  (divided by 16 ) .  

These addi- 

The records are a l so  used i n  studying t h e  second order e f f e c t s  of  

3. STUDIES OF THE POLAR IONOSPHEEE. 

3.1 The records obtained.. 

The amplitude of the 20, 40 m d  4 1  Mc/s s igna l s  fran the Pol 
sphere Beacon S a t e l l i t e  a r e  recorded during 14 transits esch day 8% 
site several m i l e s  from Scott  Base. The e 
and less than  5% of records are lost 
To give improved r e s u l t s  on t h e  more 
have been installed. 
year reached Scott  Base i n  January and have proved very succdssful. 
tinuous p l o t  of t h e  po la r i sa t ion  angle of t h e  40 Mc/s s igna l  i s  obtained 
even i n  the  presence of strong s c i n t i l l a t i o n s ,  so t h a t  changes i n  t o t a l  con- 
t e n t  can be followed during about 80% of a l l  transits. Records up t o  June 5 

ent  operates au tona t i ca l ly  , 
r and equipment failures. 
sits, logarithmic ampl i f ie rs  

The two po la r i sa t ion  angle recorders constructed last 
A con- 



were brought out on t h e  recent mercy f l i g h t  t o  McMurdo, so t h a t  po la r i sa t ion  
recordsfor 4 months a r e  now ava i l ab le  f o r  ana lys i s .  

3.2 The e lec t ron  content of t h e  polar ionosphere. 

Normal techniques f o r  obtaining t o t a l  content from Faraday fading 
records cannot be used i n  t h e  polar regions,  where the  fading r a t e  depends 
primarily on hor izonta l  changes i n  t h e  ionosphere. 
t r a n s i t  t h e  fading r a t e  depends only on t h e  rate of change of t o t a l  e lec t ron  
content. These t i m d  have been ca lcu la ted ,  and the  corresponding fading r a t e s  
measured, f o r  each t rans i t  over a 12 month period. The ac tua l  values of t o t a l  
content can a l s o  be obtained when t h e  fading on 40 and 4 1  Mc/s i s  i n  phase o r  
out of phase. This  generally occurs severa l  times i n  each t r a n s i t ,  and sca l ing  
of t hese  times f o r  the  summer records of 1964/65 i s  almost complete. The re- 
sults w i l l  then be t r ans fe r r ed  t o  punched cards and t h e  values of t o t a l  content 
and hor izonta l  gradient ca lcu la ted  on t h e  computer. 

A t  one t i m e  during each 

The new po la r i sa t ion  angle records give a continuous p l o t  of t h e  
Faraday r o t a t i o n  of t h e  40 Mc/s signal.  Since t h e  d i r ec t ion  of r o t a t i o n  i s  
shown the  absolute number of ro t a t ions  can be determined a t  any time f ron  t h e  
r e l a t i v e  phase of t h e  Faraday fading on 40 and 4 1  Mc/s. 
then gives an accurate record of t h e  t o t a l  e lec t ron  content throughout t h e  
t r a n s i t .  The values of t o t a l  content w i l l  be determined a t  i n t e r v a l s  of 0.2 
minutes, and t h e  computer program described i n  sec t ion  3,3 used t o  prepare 
monthly maps showing the  average va r i a t ion  of t h e  t o t a l  e lec t ron  content over 
t h e  polar  cap, Fluctuations i n  the values of t o t a l  content w i l l  a l s o  be in- 
ves t iga ted  t o  determine t h e  s i z e ,  occurrence and pos i t i on  of large-scale ir- 
r e g u l a r i t i e s  i n  t h e  ionosphere, 

The po la r i sa t ion  p l o t  

Preliminary r e s u l t s  show t h a t  the t o t a l  e lec t ron  content has a broad 
minimum near the south pole. 
content increases by 10  t o  50 percent,  w i t h  dimensions of a few hundred k i l -  
Ometres, are genera l ly  present .  Outside t h e  c e n t r a l  region t h e  t o t a l  content 
increases  rap id ly  across t h e  aurora l  zone i n  summer, and can,double i n  a d i s -  
t ance  of 500 h. 
records j u s t  received. 

However, i s o l a t e d  regions i n  which t h e  t o t a l  

This  rap id  change i s  not ,  however, apparent i n  t he  winter 

3.3 I r r e g u l a r i t i e s  i n  t he  polar  ionosphere. 

The degree of i r r e g u l a r i t y  of t h e  ionosphere has been sca led  at i n -  
t e r v a l s  of 0.2 minutes throughout each of t h e  1600 t r a n s i t s  recorded during 
t h e  four  summer months of 1964-65. Similar values are now being obtained f o r  
four months i n  t h e  following winter. The r e s u l t s  are mapped t o  show t h e  pres- 
ence of any smooth o r  disturbed regions i n  the ionosphere, and a computer 
program i s  used t o  determine t h e  mean i r r e g u l a r i t y  state at d i f f e r e n t  times i n  
each month. 

A second computer program has been developed t o  read a l l  t h e  da t a  ob- 
t a ined  i n  one month, f i t  t h e  d i f f e ren t  t r a n s i t s  on t o  a g r i d  covering t h e  
Antarc t ic ,  and determine t h e  Everage i r r e g u l a r i t y  s t a t e  at each point of t h e  
gr id .  
symbols t o  represent t h e  d i f f e r e n t  degrees of i r r e g u l a r i t y .  
a c i r c u l a r  region w i t h  a diameter of about 3,500 km, including t h e  geographic, 
geomagnetic and d ip  poles and extending over t h e  au ro ra l  zone. They genera l ly  
show a number of l a r g e ,  well-defined regions i n  which t h e  ionosphere was par- 
t i c u l a r l y  smooth ( o r  d i s turbed)  throughout the period considered. 

The r e s u l t s  are then pr in ted  out i n  t h e  form of a map, using d i f f e r e n t  
These naps cover 

--- 
"he maps vary considerably from mon &til 

ahanges. 
8 hours are obtained by analysing t h e  south-bound and north-bound sec t ions  of 
the transits separately. 
longitudes of 100 t o  150 degrees, 
magnetic pole t o  the  d ip  pole, t h e  ionosphere i s  p a r t i c u l a r l y  smooth from 
0000 t o  0400 U.T., and i s  very i r r e g u l a r  from 0800 t o  1400 U.T. 
i n t e r v a l  i s  from 8 a.m.  t o  noon l o c a l  time, ind ica t ing  tha t  t he  rap id  produc- 
t i o n  of e lec t rons  i n  t h e  morning occurs smoothly throughout t h e  ionosphere. 

To study these  changes, separate maps w i t h  a time d i f fe rence  of about 

The largest and most widespread changes occur a t  
I n  t h i s  region, extending from t h e  geo- 

The f irst  



The second i n t e r v a l ,  from 4 p.m. t o  1 0  p,m. l o c a l  t i m e ,  occurs when the e lec t ron  
content of t h e  ionosphere i s  s t i l l  l a rge  but i r r e g u l a r i t i e s  have had time t o  
develop. 
severa l  hours nesr 0400 U.T., corresponding t o  l o c a l  noon near t h e  magnetic 
poles. To study these  e f f e c t s  i n  d e t a i l ,  separa te  naps f o r  each th ree  hours 
of un iversa l  t i n e  w i l l  be produced by combining r e s u l t s  obtained over periods 
of four  months i n  summer and i n  winter. Separate maps a re  a l s o  being pfo- 
duced f o r  each month f o r  qu ie t ,  average and disturbed nagnetic conditions. 
These generally show a uniform increase i n  the degree of i r r e g u l a r i t y  a t  a l l  
poin ts  as the magnetic a c t i v i t y  r i s e s .  

There is  a l s o  a general  tendency f o r  t h e  ionosphere t o  be smooth f o r  

4. DISTURBANCES IN THE IONOSPHERE. 

4.1 The e f f e c t s  of magnetic ac t iv i ty .  

Several attempts have been made t o  determine how the  t o t a l  e l ec t ron  
content and t h e  slab thickness of t h e  ionosphere vary with the magnetic ac- 
t i v i t y  index 5. The r e s u l t s ,  using i so l a t ed  values of t o t a l  content obtained 
frm orb i t ing  satel l i tes ,  e r e  unsa t i s fac tory  and conf l i c t ing .  Accurate values 
c:f t c t a l  c . , n t en t ,  ani? an index specifying the amplitude of i r r e g u l a r  f luctua- 
t i o n s ,  have therefore  been sca led  f o r  each hour of every day using t h e  con- 
tinuous Syncom 3 records taken a t  Auckland and a t  Inve rca rg i l l .  
are cur ren t ly  being compiled on t o  punched cards along with the  values of 
the c r i t i c a l  frequency of t h e  ionosphere and t h e  occurrence of spread F. 
computer w i l l  then be used t o  determine t h e  co r re l a t ions  between t o t a l  content,  
peak density,  slab thickness,  magnetic a c t i v i t y ,  ionospheric i r r e g u l a r i t i e s  
and spread F at d i f f e r e n t  times of day and d i f f e r e n t  seasons. 

These results 

k: 

Preliminary r e s u l t s  i nd ica t e  t h a t  t h e r e  are two opposing e f f e c t s ,  
which may account f o r  t h e  conf l i c t ing  results obtained previously. 
i n  ilo.;:netic a c t i v i t y  gives 2.11 e h c s t  imec?ikte increase i n  t he  rate of produc- 
t i o n  of e lec t rons  i n  t h e  ionosphere. 
magnetic a c t i v i t y ,  
l a s t i n g  f o r  severa l  days (and probably caused by an increased molecular con- 
cent ra t ion  when t h e  normal d i f fus ive  separation i s  d is turbed) .  

An increase  

This e f f e c t  lasts only as long as t h e  
There i s  a l s o  a l a rge  increase  i n  t h e  e lec t ron  l o s s  rate, 

The t o t a l  
and decreased content i s  therefore  increased by a l a r g e  current value of 

by l a r g e  previous values,  Similar changes are o f t en ,  but always, obser- 
ved i n  t h e  peak density.  

4.. 2 The e f f e c t s  of large magnetic storms. 

Since regular  recording of Syncom 3 began i n  May 1965, t h e  only major 
magnetic storm was on June 16, 1965. 
of t o t a l  content recorded tha t  month. On June 17 t h e  day-time and night-time 
values of t o t a l  content were t h e  lowest ever observed i n  12  months recording. 
The storm was preceded and followed by a number of p a r t i c u l a r l y  quie t  days, 
so a detailed study i s  being made of the  changes which occurred at a l l  heights 
i n  the ionosphere. 
Head, and real height p r o f i l e s  have been ca lcu la ted  f o r  every 15 minutes. 
A n  accurate polynomial ana lys i s  was used t o  g ive  t h e  height of t h e  peak, 
t h e  sca l e  height at t h e  peak and t h e  sub-peak content. 
total content obtained from Syncom 3 t h e  s c a l e  height gradient above t h e  
peak is also determined, giving a good approximation t o  the  complete e l ec t ron  
dens i ty  p r o f i l e .  The results show an i n i t i a l  increase  of about 40% i n  t h e  
r e l a t i v e  amount of i on i sa t ion  above t h e  peak, caused presumably by heating 
and expansion of t h e  ionosphere. 

height grad ien t  of only 0.05 ( in s t ead  of 0.2). 
diffusive separation w a s  disturbed. 
quickly, and t o  a l a r g e r  ex ten t ,  than t h e  peak dens i ty .  
a decreased d i f f i s i v e  separation, lasting f o r  several days. 

This gave t h e  l a r g e s t  day-time values 

Ionograms were obtained from Raoul I s l and  and from Godley 

Using the values of 

On June 17, however, t h e  relative amount of 

This suggests t h a t  t h e  normQ 
i on i sa t ion  above t h e  pesk-dropped to half tk; e 

A t  night t h e  t o t a l  content dropped more 
This  a l so  ind ica t e s  
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5.1 Ray t rac ing .  

SECOND ORDER EFFECTS I N  THE PROPAGATION OF SATELLITE SIGNALS. i 
For accurate ca lcu la t ions  of t he  e f f e c t  of t he  ionosphere on rad io  

T h i s  involves a 
s igna ls  received from a r t i f i c i a l  s a t e l l i t e s ,  t h e  ac tua l  psfh followed by t h e  
ray must be determined f o r  d i f fe ren t  model ionospheres. 
lengthy numerical in tegra t ion  using an i t e r a t i o n  loop t o  determine t h e  re- 
f r a c t i v e  index a t  each height .  The e n t i r e  ca lcu la t ion  is  repeated many times,  
using s l i g h t l y  d i f f e ren t  i n i t i a l  d i r ec t ions ,  u n t i l  a ray is  found which starts 
and f in i shes  a t  t h e  required points .  For polar i sa t ion  angle s tud ies  t h i s  
process must be ca r r i ed  out with both the  ordinary and extraordinary rays ,  so 
t h a t  about one hour i s  required t o  obtain a s ing le  result on a 1620 computer. 

Th i s  time makes it impracticable t o  use a straightforward ray t r ac ing  
program f o r  t h e  ana lys i s  of experimental records,  A thorough inves t iga t ion  of 
the basic  theory was therefore  ca r r i ed  out ,  with t h e  r e s u l t  t h a t  a new type of 
program giving a more accurate r e s u l t  i n  one twent ie th  of t h e  time has been 
produced. This i s  based on the  f ac t  t h a t ,  at frequencies above 10  Mc/s, t h e  
e f f e c t  of t he  magnetic f i e l d  can be t r e a t e d  as a small per turbat ion.  
mate of t h e  i n i t i a l  ray d i r ec t ion  i s  f i r s t  obtained by calculati l lg t h e  exact 
f i r s t -order  curved ea r th  r e f r ac t ion ,  and applying second-order and magnetic- 
f i e l d  correct ions.  The number of i t e r a t i o n s  at each hei3ht i s  reduced by 
t r e a t i n g  t h e  change i n  e lec t ron  densi ty  as t h e  most important parameter. 
range and phase-path sums are accumulated with double precis ion,  and a t h i r d  
sum i s  obtained giving t h e  value of a ( r a n g e / a ( i n i t i a l  d i r ec t ion ) .  The cor- 
r ec t ion  t o  t h e  i n i t i a l  d i r ec t ion ,  t o  obtain t h e  required range, can then be 
accurately determined. 
is within ,01 km of t h e  desired value. 
path t o  t h e  s a t e l l i t e  i s  then obtained from t h e  r e l a t i o n  

A n  esti- 

The 

Successive rays a r e  t raced  u n t i l  t h e  ca lcu la ted  range 
A correct ion t o  give t h e  exact phase 

(change i n  phase pa th)  = (change i n  range) x cos6 

where 8 i s  t h e  elevat ion angle a t  t he  ground, 
l a t i o n  holds exact ly  f o r  a curved i so t rop ic  ionosphere. 
g rea t e r  than 30 degrees, and working t o  8 s ign i f i can t  f igures ,  t h e  required 
phase path i s  obtained w i t h  9 f igure  accuracy a f t e r  only 2 or 3 rays have been 
t raced .  
procedures can be used f r e e l y  i n  a l l  fu tu re  inves t iga t ions .  

It can be shown t h a t  t h i s  re-  
For e leva t ion  angles 

This very high speed and accuracy means t h a t  accurate ray t r ac ing  

5.2 Second order r e l a t i o n s .  
The computer program described above was used t o  obtain exact values 

for t h e  Faraday ro t a t ion  o f  s a t e l l i t e  s igna ls  under a wide range of conditions. 
The r e s u l t s  were compared with values given by normal f irst  and second order 
r e l a t ions .  It was found t h a t  the  second order r e s u l t  was not always more ac- 
curate  than t h e  first order ,  and both expressions could give appreciable 
e r rors .  
order  expression f o r  t he  Faraday ro t a t ion ,  w i t h  an accuratF correct ion f o r  t h e  
high frequency approximation. 
and f, i s  t h e  c r i t i c a l  frequency of t he  ionosphere. 

The bes t  r e s u l t s  were general ly  obtained by using t h e  simple f i r s t  

This correct ion i s  (1 - X)-5 where X = 0.8 f,?/f2 

5.3 Experimental measurements. 

F i r s t  order theory predic t s  t h a t  t h e  Faraday fading of a satel l i te  sig- 
nal w i l l  be four times faster on 20 Mc/s than on 40 Mc/s. 
t h i s  r a t i o  therefore  provide a simple means of studying second order e f f e c t s .  

record the  positions of the 20 and 40 Mc/s fading n u l l s  on punched cards,  for  
ana lys i s  by computer. 
and first order e f f e c t s  throughout e 

Measurements of 

The d i g i t i s i n g  equipment obtained under l a s k , y w p  t o  

P lo t s  are then produced showing the  r a t i o  of t h e  second 

Results show t h a t  t h e  second order e f f e c t  is not negl ig ib le  even at the  
centre  of a t r a n s i t ,  but  causes about 10% of t h e  Faraday r o t a t i o n  on 20 Mc/s. 
However ca lcu la t ions  using t h e  program of sec t ion  5.1 showed t h a t  t h i s  e f f e c t  
depends only s l i g h t l y  cn the  shape of the  ionosphere, and C a r l  be accounted 
f o r  by the simple correct ion given i n  5.2 
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A t  low elevation angles t h e  second order e f f e c t s  increase rap id ly  and 
are concentrated near t h e  perk of t h e  ionosphere. It was therefore  hoped t h a t  
measurements under these  conditions could be used t o  determine t h e  thickness 
of t h e  peak. 
give t h e  va r i a t ion  of e lec t ron  density with height above t h e  peak. 
been found, however, t h a t  t h e  second order e f f e c t s  do not always increase  w i t h  
peak thickness, but tend t o  decrease at l a r g e  s a t e l l i t e  ranges. 
ranges, therefore ,  t h e  second order e f f e c t s  depend only on t h e  c r i t i c a l  f r e -  
quency. 
lwer shape can be obtsined, but work i s  proceeding t o  see i f  measurements a t  
intermediate ranges can y i e l d  use fu l  r e s u l t s .  

Combining these  results with values of t o t a l  content would then 
It has 

A t  ssme 

This l i m i t s  t h e  conditions under which usefu l  information on t h e  

6. T€B AfjALYSIS OF IONOGRAMS. 

6.1 The e f f e c t  of c o l l i s i o n s  on t h e  v i r t u a l  heights.  

Most of our information about t h e  ionosphere i s  obtained from t h e  ana lys i s  
of sweep-frequency v i r t u a l  height records,  o r  ionoqrans. T h i s  ana lys i s  assumes, 
f o r  s impl ic i ty ,  t h a t  t h e  e f f e c t  of e lec t ron  c o l l i s i o n s  i s  negl ig ib le .  To ex- 
amine the  e r r o r s  introduced by t h i s  assumption, a computer progran was wr i t t en  
f o r  ca l cu la t ing  t h e  exact,  complex value of t h e  group r e f r a c t i v e  index 1.1'. 
The v i r t u a l  heights of t h e  ordinary ray  were then obtained by normal ray theory,  
i n  which p' is  in tegra ted  up t o  t h e  r e f l e c t i o n  l e v e l  X=l. 
t h e  inc lus ion  of c o l l i s i o n s  commonly rei?uced the  v i r t u a l  heights by nore than 
10% st medium frequencies. 

It w a s  found t h a t  

A fu r the r  program f o r  i n t eg ra t ions  i n  t h e  comFlex plane w a s  used t o  de- 
termine t h e  v i r t u a l  heights by t h e  accurate phase i n t e g r a l  method. 
results showed t h a t  t h e  inclusion of c o l l i s i o n s  a l t e r e d  t h e  v i r t u a l  heights by 
less than 1 p a r t  i n  lo4. The changes shown by t h e  ray tneory ca lcu la t ions  
were the re fo re  caused e n t i r e l y  by bas ic  e r r o r s  i n  the  use of ray  theory under 
these  conditions. The simplest ray  theory ca lcu la t ions  ignoring c o l l i s i o n s  
should the re fo re  be adhered t o ;  they agree w e l l  with phase i n t e g r a l  results 
and are considerably more accurate than ray  theory ca lcu la t ions  which include 
co l l i s ions .  

These 

6.2 The absorption of t h e  r e f l ec t ed  wave. 

The absorption of a wave r e f l e c t e d  from t h e  ionosphere i s  nornally cal-  
culated by in t eg ra t ing  t h e  absorption coe f f i c i en t  k up t o  t h e  r e f l e c t i o n  
level X = l .  Accurate phase i n t e g r a l  ca lcu la t ions  showed t h a t  t h i s  prccess 
g ives  r e s u l t s  which can be i n  e r r o r  by 10  o r  20% a t  medium frequencies,  be- 
cause of ray theory l imi t a t ions .  
used, t h e  ray theory ca lcu la t ion  gives r e s u l t s  which a r e  cor rec t  t o  within 
0.1%. 
a l l  absorption ca lcu la t ions  and gives r e s u l t s  which Ere more accura te ,  by 
several orders of magnitude, than i f  the exact and cumbersome expression f o r  k 
had been used. 

I f  however a simple asymptotic form (ko)  i s  

The comparatively simple expression f o r  ko can therefore  be used f o r  
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